Macroalgae (seaweeds) are the subject of increasing interest for their potential as a source of valuable, sustainable biomass in the food, feed, chemical and pharmaceutical industries. Compared to microalgae, the pace of knowledge acquisition in seaweeds is slower despite the availability of whole-genome sequences and model organisms for the major seaweed groups. This is partly due to specific hurdles related to the large size of these organisms and their slow growth. As a result, this basic scientific field is falling behind, despite the societal and economic importance of these organisms. Here, we argue that sustainable management of seaweed aquaculture requires fundamental understanding of the underlying biological mechanisms controlling macroalgal life cycles -from the production of germ cells to the growth and fertility of the adult organisms -using diverse approaches requiring a broad range of technological tools. This viewpoint highlights several examples of basic research on macroalgal developmental biology that could enable the step-changes which are required to adequately meet the demands of the aquaculture sector.
Ecological and societal position of macroalgae
Macroalgae are macroscopic aquatic organisms belonging to three distinct and distantly-related eukaryotic lineages (commonly named green, red, and brown algae). Their unicellular ancestors diverged more than 1.6 billion years ago (Parfrey et al., 2011) Steneck et al., 2002) . They can also significantly contribute to carbon sequestration at a level exceeding that of angiosperm marine coastal vegetation (up to 1.5 times as much as seagrass meadows, salt marshes and mangroves and up to 2% of the annual anthropogenic emission; Krause-Jensen & Duarte, 2016 and references therein). In addition, macroalgae support complex food webs in coastal zones and provide habitats and food for associated organisms, from apex predators to invertebrates (Reisewitz et al., 2006) . Kappaphycus) and recourse to a limited number of parent genotypes (kelp) account for the production of most commonly cultivated seaweeds. The resulting impoverishment of genetic diversity increases seaweed susceptibility to diseases and decreases their fitness within their cultivation environment (Loureiro et al., 2015) . For example, the continuous vegetative propagation of the carrageenophyte Kappaphycus in intensively cultivated areas has increased its vulnerability to diseases (e.g. bacterial mediated "ice-ice" disease), thereby dramatically impacting the production in various countries (Largo et al., 1995) . This problem requires counteraction by the selection of new breeding strains, potentially through artificial hybrids (Gupta et al., 2015) , but more optimally through crossings, as somatic hybridisation usually results in severe and unstable phenotypic alteration (Charrier et al., 2015) . However, whilst in some seaweeds the promotion of sexual reproduction still requires development (e.g. Gracilariopsis; Zhou et al., 2013) , the loss of the genetic patrimony resulting from cross-fertilisation might be detrimental to maintaining specific and valuable genotypes resulting from decades of selection. Therefore, manipulating the different steps of the seaweed life cycles would allow a balance between the maintenance of given genotypes of interest and controlled breeding. Progress in basic research opens possible paths to bypass steps of the life cycle, thereby allowing to reach this goal (Box 1).
Manipulating the sexual life cycle.
Most cultivated seaweeds reproduce sexually (kelps, red algae Porphyra ssp.), placing both time and genetic constraints on seaweed farmers. Physiological studies have long been establishing protocols for maintaining seaweeds in a vegetative stage or shifting them to the next phase using specific temperature and light conditions, or even by tissue ablation. This allows year-round production of juveniles and increases the cultivated net biomass (Pang & Lüning, 2004) . Several illustrations of these practices applied to exploited seaweeds are displayed in Box 1. Recent fundamental studies propose potential alternatives. Treatments with algal phytohormones could be used to control the vegetative-to-reproductive transition and speed up reproduction, as illustrated in 
Promoting parthenogenesis.
Other seaweeds propagate vegetatively from a single life phase through parthenogenesis, mainly by apogamy but also by apomeiosis. The flexibility is high and is a valuable feature for aquaculture, as it allows the maintenance of a specific genotype in potentially morphologically different organisms showed that the whole parthenosporophytic stage itself was controlled by a single genetic locus.
The characterisation of these factors could lead to the development of additional strategies to control parthenogenesis.
Finally, Li et al., (2014) produced Undaria pinnatifida (brown alga) gametophytes that made only male gametes from both oogonia and antheridia (Shan et al., 2015) . These gametes are able to selfcross and to produce homozygous male diploid sporophytes. This example illustrates that crosses are controlled by the morphological identity of the reproductive organs rather than by their genotypes, emphasizing the importance of a control over morphogenesis.
In parallel to these improvements for seaweeds cultivated off-shore (Fernand et al., 2017) , standardized protocols should also be developed specifically for not-yet cultivated, high-value seaweeds amenable to on-shore cultivation. This includes seaweeds producing high-value Altogether, basic research into the development and reproduction of macroalgae will likely provide alternative means of manipulating seaweed reproduction, which will be very valuable for future breeding programmes and aquaculture practices (Cottier-Cook et al., 2016) .
Early and microscopic stages of development
Seaweed growth starts with the formation and development of juveniles, which originate from the release and germination of single cells (zygotes or spores). They subsequently attach to marine substrata to initiate their sessile development (bloom-forming algae are usually free-living).
Deciphering the early and microscopic developmental stages of seaweeds is an important requirement for future integrative management of their cultivation (Fig. 2) . Exploitation of seaweed biomass concentrates on the macroscopic life-cycle stage, which is the sporophyte in the most predominantly exploited brown algae (Ecklonia, Laminaria, Saccharina, Undaria), together with the gametophyte in red seaweeds (Gracilaria, Kappaphycus, Euchema) and in some isomorphic green (Ulva) seaweeds. Optimizing fertilisation success could help control the rate of production of seaweed embryos in hatcheries, which, when too high, impedes the quality of sporophyte juveniles ( Fig. 2 and 3 ). Environmental cues inducing fertility and spore/gamete release have been determined for tens of seaweed species (photoperiod, irradiance, temperature and nutrient concentration; previous section and Box 1). However, the paucity of molecular studies regarding e.g. the periodicity of gamete release, attraction of gametes to opposite sex or mating type, and cell-cell recognition (Fig. 3 ) stands in a stark contrast to the wealth of eco-physiological and biochemical studies that predate the molecular era. As an illustration, in certain Ulva species, (Boland, 1995) and glycoprotein recognition between opposite-sex gametes (Schmid et al., 1994) .
Many macroalgal zygotes experience polarisation prior to the growth and development of the embryo (Fig. 3 et al., 2016) and their morphology in waters with different salinities (Dittami et al., 2014) . It is tempting to hypothesize that controlling macroalgal development with bacteria will direct the chemical composition of the macroalga and its value as cash crop. This is mainly relevant for land-based aquaculture starting with a defined seed-stock (axenic germlings) and a synthetic microbiome, which could influence the production of primary and secondary metabolites.
However, further work determining macroalgal-bacterial interactions throughout algal life-cycles is necessary to discriminate between mutualistic, beneficial or pathogenic interactions.
Current technological requirements
Reliable, cost-effective and long-term maintenance of genetic resources is a major requirement to In addition to the requirement for cell biology and genetic adjustments, 'OMICS' technology must be adapted to the level of analysis required to tackle developmental mechanisms taking place at the microscopic and early developmental stages (Fig. 2 and 3) . Marcoux et al., 2015) , and this technology is easily transferable to larger seaweeds.
Finally, transgenesis will be a highly valuable tool to discover how molecular processes are regulated in seaweeds, and to interfere with these processes by knocking down/upregulating endogenous genes. So far, only four multicellular algae, namely Ulva, Pyropia (Porphyra), Volvox and Gonium are genetically transformable (Schiedlmeier et al., 1994; Oertel et al., 2015; Mikami, 2014; Lerche & Hallmann, 2009) , and Ulva is the only stably transformable seaweed (Oertel et al., 2015) . These first successes must now be replicated in additional, diverse species, via investment of time and expertise.
Conclusion
A range of protocols are available to cultivate seaweeds, thanks to previous physiological studies carried out in an applied phycological context. Building on this key achievement, practices must be refined and developed with a more focused and on-demand approach. Indeed, demand from endusers is rising for new, high-commercial potential (mainly for food) seaweeds. However, because of their low production level, these seaweeds have not received high investment so far, and as a result, no standardised cultivation and preservation protocols exist. This second big step is much more delicate, because of the greater number of species and of their reluctance to respond to the simplest, classical protocols. The time has come, now that the first empirical studies have been carried out, to engage the community in an in-depth study of the biological processes driving the whole macroalgal life-cycle, from fertilization to the production of organisms. This must respond to end-users' expectations of robustness against environmental constraints (e.g. climate, infection, mechanical strain), biochemical composition and also natural and nature-friendly production increasingly favoured by the consumers. This is even more necessary since, despite the benefit that the development of cutting-edge technologies in animals and plants can bring to the sector, many of these technologies need to be adapted to macroalgae because of their specific ecological niche (highly saline) and their biology (in part due to their phylogenetic distance from better-known organisms). Therefore, efforts must be intensified to fill the gaps in our fundamental knowledge of macroalgal developmental mechanisms. We also believe that the scientific community of land plant researchers will benefit from a deeper understanding of seaweed developmental biology. In hatcheries, density of juveniles on the cultivation support material depends on both the fertilisation rate and the adhesive potential of the embryos. Fertilisation rate itself depends on the physical interactions between the two gametes (taxis, specific recognition and membrane fusion).
Better knowledge of the cell cycle and characterisation of the pluripotent cells (zygotes, meristems)
will both contribute to develop cryopreservation protocols. Metabolic patterning of seaweed organs [5] identification of sporulation-inhibiting factors (Glycoprotein SP-1 and low molecular weight factor SP-2) from Ulva gametophytes and sporophytes (Wichard & Oertel, 2010; Vesty et al., 2015) .
[6] parthenogenesis in brown algae (Nakahara, 1984) Macroalgae grow rapidly in a wide range of temperatures, using only sunlight, atmospheric carbon and naturally nutritious coastal waters. They are therefore valuable feedstock for the production of food, feed, biofuel, hydrocolloids, fertilisers, cosmetics, probiotics, biodegradable packaging through aquaculture and IMTA (see text for details). They provide curative ecological roles necessitated by human activities (wastewater treatments and seabed recolonisation). Ecology also benefits from a knowledge of macroalgal reproductive mechanisms via a better understanding of dispersion and persistence of both natural and exotic populations. This also contributes to the development of conservation protocols for threatened or susceptible populations. Because their life histories differ from land plants, macroalgae also inspire molecular evo-devo studies involving the whole green lineage. Sexual reproduction (top right) gives rise to polarised embryos (left), which progressively grow and differentiate, giving tissues and organs with specific shape and cellular functions (e.g. blade, stipe, holdfast, reproductive organs). The study of the different steps of the life cycle (here simplified, with adult representing either the sporophyte or the gametophyte) at the basic level (in blue) can lead to the control and improvement of key processes in seaweed aquaculture (in green). In hatcheries, density of juveniles on the cultivation support material depends on both the fertilisation rate and the adhesive potential of the embryos. Fertilisation rate itself depends on the physical interactions between the two gametes (taxis, specific recognition and membrane fusion). Better knowledge of the cell cycle and characterisation of the pluripotent cells (zygotes, meristems) will both contribute to develop cryopreservation protocols. Metabolic patterning of seaweed organs and tissues, mediated by molecular, biochemical or cellular markers, will assist farmers in monitoring seaweed growth and fitness both in hatcheries and in the field. All these processes are under the control of abiotic and biotic factors (see text and Box 1 for references).
